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Introduction
Many bod ies of prac ti cal in ter est are bluff, and there are lots of stud ies which deal with var i ous as pects of the com plex flow around them. The ba sic struc ture of the flow past a sphere has been ex per i men tally in ves ti gated us ing a va ri ety of ap proaches, in cluding flow vi su al iza tion [1] [2] [3] [4] [5] [6] . The pri mary in ter est in these in ves ti ga tions in cluded vi su aliza tion of the main vor tex struc ture in the wake, un der stand ing the vor tex shed ding mecha nisms, mea sure ment of fre quen cies pres ent in the wake and of some in te gral pa ram e ters such as the streamwise drag and dis tri bu tion of the mean pres sure around the sphere.
Dif fer ent flow re gimes were de ter mined ex per i men tally: (1) the flow is lam i nar, and sep a ra tion does not oc cur when the Reynolds num ber is lower than about 20, (2) sepa ra tion oc curs at Re » 24 and re sults in the gen er a tion of an axis sym met ric rings which is sta ble for Reynolds num ber up to Re = 210 when the wake be comes non axis sym met ric, (3) at Re = 270 wake be comes un sta ble, and vor tex loops be gan to shed from the sphere, and (4) when the Reynolds num ber is fur ther in creased to around 800, the vor tex loops dif fuse very rap idly, and the wake flow be comes tur bu lent. The tur bu lent range can be sub di vided into four re gimes: (a) sub crit i cal re gime up to Re » 330,000 where there is a lam i nar bound ary layer sep a ra tion oc curs at about a s = 81° and po si tion of sep a ra tion remains al most un al tered over the range 10 4 < Re < 3.0·10 5 fol lowed by tran si tion to fully tur bu lent flow down stream [6] [7] , (b) crit i cal re gime for Reynolds num ber be tween 300,000 and 330,000 which is char ac ter ized by a sig nif i cant drop of the drag co ef fi cient, (c) super criti cal re gime be tween Re » 3.3·10 5 to Re » 2·10 7 , and (d) transcritical re gime for higher Reynolds num bers. De tailed ex per i men tal data on the mean flow struc ture and the struc ture of the tur bu lence are rare.
The use of sur face rough ness to trig ger tran si tion of the bound ary layer is a common fea ture of many ex per i ments. This tech nique is used not only for air foil sur faces, but also for all types of body shapes and for ap pli ca tions wider than just in aero nau tics. First well-known ex per i ments with sphere and trip-wire have been done by Wiselberger (1914) [8] . He an a lyzed the drag co ef fi cient and vi su al ized the flow over a sphere with trip-wire. Fage (1929) [9] an a lyzed the ef fects of tur bu lence and sur face rough ness on the drag of a cir cu lar cyl in der. He showed that the crit i cal Reynolds num ber and drag co ef ficient de creased with in creas ing di am e ter of the trip-wire.
This ex per i men tal and nu mer i cal re search is mo ti vated by the ab sence of ex per imen tal data on the ve loc ity field in the wake be hind a sphere for high Reynolds num bers and by dif fer ent sphere wake struc ture pub lished by dif fer ent au thors. On the other hand, ex ist ing pre dic tion meth ods -in par tic u lar those us ing Reynolds-av er aged Navier--Stokes equa tions (RANSE) and tur bu lence mod els -fail to pre dict even in te gral quan tities like drag, not to men tion their in abil ity to pre dict the wake char ac ter is tics [10] . These stud ies have also at tempted to ex plain the mech a nism through which the wake be comes un sta ble and to pro pose mod els for the vor tex con fig u ra tion in the sphere wake, us ing flow vi su al iza tion tech nique.
Experimental apparatus and methods
The flow vi su al iza tion has been car ried out in a wind tun nel and in a wa ter channel. The noz zle open ing was 1.75 ´ 1.05 m. The work ing sec tion is pre ceded by a 10:1 con trac tion with three tur bu lence-sup press ing screens up stream of the con trac tion and 5.5 m long. The tun nel was op er ated in the range from U 0 = 2 m/s to 38 m/s. The tur bulence level in the free stream was 0.89%. The sphere with D = 0.165 m in di am e ter was sup ported from the rear by a sting, which had a length 5D and a di am e ter d = 0.12D.
The di men sion of the wa ter-chan nel cross-sec tion used in an other set of vi su aliza tion stud ies was 2.1 ´ 1.1 m. The sphere, with the same di am e ter as in the wind tun nel, was at tached to a tow ing car riage and was sup ported from the rear by the same sting as in the wind tun nel. The block age ra tio was 1.15% for the wind tun nel and 0.8% for the water chan nel. The car riage was care fully de signed to min i mize me chan i cal vi bra tions when towed. The mo tion was ini tially ac cel er ated and the sphere trav eled a cou ple of meters be fore the fi nal steady tow ing speed was reached. The range of speed of the car riage was U 0 = 0.03 to 2.3 m/s. The Reynolds num ber based on sphere di am e ter and ve loc ity of air in the wind tun nel, or speed of tow ing car riage in wa ter chan nel, could be var ied from 2.2 ·10 4 to 4·10 5 in the wind tun nel and from 5·10 3 to 4·10 5 in the wa ter chan nel.
Flow vi su al iza tion in the big wind tun nel has been con ducted by in ject ing smoke in the sep a ra tion zone through holes in the sup port ing sting. The smoke par ti cles were il lu mi nated by a thin sheet of light cre ated with a co her ent la ser beam and a cy lin drical lens. The light source was a 10 W ar gon-ion la ser op er ated in the multi-line mode, under which the smoke par ti cles had a bright green color.
In the wa ter chan nel dye was in tro duced into the bound ary layer through holes with a di am e ter d h = 0.8 mm at two lo ca tions at the sphere po si tioned at an gles 45° and 135°, mea sured from the front stag na tion point. Im ages of the smoke traces and dye were re corded with a MotionBlitz dig i tal high-speed cam era (500 frames/s) with a res o lu tion of 256 ´ 228 pix els. Up to 2964 frames could be con tin u ously re corded (6 sec onds of real time). Dig i tal im ages (bitmap-files) can be pro cessed to pro duce an i ma tion in var i ous for mats (avi, mpg etc.). Dig i tal color pho to graphs with a res o lu tion of 1024 ´ 768 pix els have also been taken, as well as color VHS vid eos at 50 frames/s.
The ex per i ment of ve loc ity mea sure ments was per formed in a small low speed wind tun nel. This tun nel has a con trac tion ra tio of 1:4 and a test sec tion with a square cross-sec tion 300 mm wide, 300 mm high, and 600 mm long, with three tur bu lence suppress ing screens up stream of the con trac tion. The tun nel op er ated with a wind speed of U 0 = 12.6 m/s. At this speed the free stream tur bu lence level, mea sured with hot wire anemometry (HWA), was 0.56%. A sphere with di am e ter D = 61.4 mm was sup ported from the rear by a sting which had a length 5.7D and a di am e ter d = 0.13D . The block age ra tio was 3.2%. The Reynolds num ber based on sphere di am e ter and ve loc ity of air U 0 was Re = 51,500.
Ve loc ity mea sure ments have been car ried out us ing two com po nent for ward laser-Dopp ler sys tem man u fac tured by TSI. The 514.5 and 488 nm la ser beams of an argon-ion la ser were used to mea sure ax ial and ra dial com po nents of ve loc ity, re spec tively. The op tics to fo cus the la ser beams con sist of a fi ber mea sur ing probe and trans mit ting lens with a fo cal length of f = 350 mm. The dis tance be tween the la ser beams at the trans mit ting lens was 50 mm. With this op ti cal ar range ment the di men sion of the mea suring vol ume was 0.091 ´ 0.091 ´ 1.279 mm.
In the pres ent ex per i ments the air was seeded with wa ter drops of the size of about 0.6-3 mm. They were in jected in the tun nel at the end of test sec tion. A small amount of glyc erol added to the wa ter pre vented the wa ter from evap o rat ing and helped the drops to main tain their size. Fre quency anal y sis of the gov ern ing equa tion of mo tion of the wa ter drops il lus trated that the drops could faith fully fol low si nu soi dal mo tions with fre quen cies up to 10 kHz. The se lected max i mum fre quen cies are typ i cal for the max i mum en ergy -con tain ing fre quen cies in tur bu lent air flows. The sig nals were processed us ing a TSI, model IFA-750, sig nal pro ces sor in co in ci dence mode. Co in ci dence win dows be tween 20-100 ms were used to get the Reynolds stresses.
Velocity field and turbulence characteristics of the flow around the sphere
The gen eral char ac ter of sub-crit i cal flow over a sphere is well un der stood. A lam i nar bound ary layer forms on the up stream sur face of the sphere. The flow ac cel er ates as it is de flected by the sphere caus ing a sharp drop in pres sure in stream-wise di rec tion. For a Reynolds num ber of 51,500, the sep a ra tion of lam i nar bound ary layer hap pens at an an gle be tween 80° and 83°. Be hind the sphere a recirculation zone is formed, whose length is about x/D = 1.5 from the cen ter of the sphere. The recirculation zone can be seen in fig. 1 which shows con tours of the ax ial mean ve loc ity com po nent U/U 0 . The av er aged ax ial ve loc ity mean com po nent has max i mum val ues U max = 1.19U 0 at the top of the sphere and the max i mum re verse ve loc ity is U min = -0.427 U 0 . Fig ure 2 shows con tours of ra dial mean ve loc ity com po nent V/U 0 . The V com po nent is pos i tive in the re gion around the sphere and up to x/D = 0.8 with max i mum val ues of V/U 0 = 0.21. The min i mum value V/U 0 = -0.11 is found near re-at tach ment point. The tur bu lence in ten sity in ax ial di rec tion ( ) / / u U 2 1 2 0 is the larg est with max i mum val ues in the shear layer. Ex per i men tal in ves ti ga tion done in [11] showed that the max i mum of axial tur bu lence in ten sity ( ) / / u U 2 1 2 0 is found be hind the sphere (x/D > 0.5), but this measure ments and the large eddy sim u la tion (LES) done by Schmid (2001) [12] show that max i mum of this tur bu lence in ten sity lies ac tu ally al most at the be gin ning of the free shear layer de vel op ment. The width of the shear layer af ter sep a ra tion is small and in crease due to roll-up off the ed dies. Di rect nu mer i cal sim u la tion (DNS) of the flow around the sphere at Re = 5,000 [13] showed (with the help of in vari ant map) that the state of tur bu lence in the shear layer shortly af ter sep a ra tion is nearly one-di men sional, with fluc tu a tions pri mar ily in stream-wise di rec tion. Af ter roll-up and brake-down of vor tex ring, the tur bu lence becomes three-di men sional and at tains a nearly iso tro pic state in the re-at tach ment zone. The value of the tur bu lence in ten sity in ra dial di rec tion ( ) / / n 2 1 2 0 U in creased slowly in the shear layer and over took the max i mum at the end of the recirculation zone. The Reynolds stress u U n/ 0 2 is pos i tive be fore tran si tion and than be comes neg a tive in the wake of the sphere.
Comparison of experimental results with numerical results
Nu mer i cal stud ies of the flow around a sphere at high Reynolds num ber are rare. Jonson and Patel [14] and Tomboulides and Orszag [15] pre dicted lam i nar flow. Tomboulides, Orszag, and Karniakidis [16] perfomed LES for Re = 20,000 us ing a sub-grid tur bu lence model based on nor mal iza tion group the ory. Constantinescu and Squires [17] per formed LES and the de tached eddy sim u la tion (DES) for Re = 10,000.
A com par i son of the ex per i men tal data with LES, figs. 6 and 7 show, over all, a good agree ment con trary to RANSE cal cu la tions. The LES has been per formed un der slightly dif fer ent con di tions than the ex per i ment. The sting in the LES had a di am e ter d = = 0.1D, and the lat eral bound ary of the so lu tion do main was 10D away from the sphere. In the ex per i ment, d = 0.13D has been used, and the sphere was mounted in the cen ter of the chan nel whose width was less than 5D. In the nu mer i cal sim u la tion has tested dif ferent subgrid-scale mod els (Smagorinsky, dy namic and no model) and has found that for the Reynolds num ber 50,000 the subgrid-scale model plays a mi nor role. The re sults depended much more on grid qual ity. A lo cal grid re fine ment used in crit i cal re gions like the sep a ra tion point and the shear layer. The grid is re fined lo cally at the sur face of the sphere, along the stick and in re gions of large vari able changes, as in di cated by pre vi ous test sim u la tions. For the sim u la tion, also, the Smagorinsky model with out damp ing function was used. It was de vel oped and has been tested for chan nel flows with good re sults, but is con sid ered not suit able for this case, be cause the tran si tion takes place in the free shear layer and not wall-ini ti ated. In sep a rated tur bu lent flows the law of the wall gen erally is not valid and it has not been shown so far that the damp ing func tion is cor rect for this type of flows. There fore no wall func tions were used here but very fine grid in the nor mal di rec tion has been gen er ated near the wall in or der to re solve the bound ary layer. The first com pu ta tional point next to the wall lies al ways at a nor mal ized dis tance y + < 1.
The coarser nu mer i cal mesh con tains 840,000 CVs and is lo cally re fined to re solve the bound ary layer and to save mem ory and com put ing time in regions where the flow is unaf fected by the body. A finer grid has a sim i lar struc ture but is fur ther locally re fined and has around 1.9·10 6 CVs. A large amount of CPU time was spent to op ti mize the grid, be cause the compu ta tion of 1000 time steps at least was nec es sary for each test sim u la tion. For the time av er aged re sults time in te gra tion was carried out over 30,000 time steps (par ti cles in the flow would pass within this time through a do main of the size of sphere more than 300 times). Sec ond or der discretization meth ods are used (mid point rule in tegral ap prox i ma tion, lin ear in ter po la tion and cen tral dif fer ences), ex cept in regions far from the sphere and wake, where a small por tion of a first or der up wind ap prox i ma tion is blended with the sec ond or der ap prox ima tion in or der to avoid os cil la tions on a coarse grid (there is no tur bu lence there and the flow is ba si cally po ten tial).
The method of do main de com po si tion is used for parallelization: the model is sub di vided into pieces of equal size, and the vari ables are ex changed across in ter faces after each it er a tion. The ef fi ciency of parallelization, de pends upon the prob lem size and num ber of used pro ces sors: for the sim u la tion of the flow around the sphere 64 pro ces sors on CRAY T3E have been used. For the same num ber of pro ces sors the to tal ef fi ciency was de ter mined around 90%.
Fig ure 6 shows a com par i son of mean ax ial and ra dial ve loc ity com po nents obtained in the pres ent ex per i ment and in the LES. The agree ment of ax ial ve loc ity is very 
Figure 6. Comparison of radial (right) and axial (left) velocity components obtained by LES and in experiments
good. The length of the recirculation re gion pre dicted by LES is L = 1.5D, which is in agree ment with the length of recirculation re gion ob tained in ex per i ments. The sep a ration point pre dicted by LES is 84° from front stag na tion point. In the ex per i ments the sepa ra tion point is at 82° from the front stag na tion point. Pro files of ra dial com po nents show only qual i ta tively good agree ment be tween LES and ex per i ments. The dif fer ence is prob a bly due to the dif fer ent size of the flow do main, since in LES the lat eral walls which con strained the flow were not pres ent and the sting was thin ner. The tur bu lence in ten sity and Reynolds stresses, fig. 7 , also show qual i ta tively good agree ment be tween LES and ex per i ments. The smoke par ti cles were il lu mi nated in a thin la ser light sheet which could be po si tioned in the (x, y), (x, z) or (y, z) plane, x be ing in the flow di rec tion. Fig ure 8 shows vi su al iza tion of the flow around sphere in the wind tun nel in the (x, y) plane for Reynolds num bers 22,000 and 50,000. The ob served near-wake re cir cu lat ing re gion is large and the wake per forms a pro gres sive wave mo tion. At the lower Reynolds num ber large coher ent struc tures are clearly. The vid eos and the pho to graphs show the roll-up of the sepa rated shear layer and pair ing of vor ti ces. The roll-up and the pair ing pro cesses can be more clearly ob served in the wa ter-chan nel vi su al iza tion ( fig. 11) for Reynolds num bers up to 175,000. At Reynolds num ber of 50,000, in the wind tun nel, the tur bu lence structure in the mix ing layer is so fine that roll-up and pair ing pro cesses were not vis i ble with the pres ent cam era al low ing 500 frames/s.
In or der to de ter mine the three-di men sional struc ture of the wavy wake, the la ser sheet was po si tioned in the plane nor mal to the flow di rec tion, (y, z) plane, 5.5D downstream of the sphere . Fig ure 9 shows the char ac ter is tic changes of vor tex pat terns by the time for Re = 22,000. Achenbach [1] found, by an a lyz ing hot wire sig nals, that the vor tex sep a ra tion points ro tate around the sphere for Reynolds num bers above 6,000. This suggests a sin gle he li cal wake con fig u ra tion.
The ex is tence of a he li cal vor tex sys tem does not re spect Thomson's cir cu la tion the o rem. This the o rem states that if the in ci dent flow is free from vorticity, the net flux of the vorticity across planes per pen dic u lar to the wake axis must be zero. This led Pao and Kao [18] to pro pose a com plex dou ble he lix, which un winds in the op po site sense. However from pic tures in fig. 9 and from cor re spond ing films, no reg u lar ity of rotation of vortices could be ob served, and also for Re = 50,000 [19] . The wake is not com pletely filled by smoke since it was in tro duced through holes at the up per and lower side of the sting. The vis i ble smoke in the wake cross-sec tion shown in fig. 9 changes its shape and moves left-right and up-down, but no reg u lar ity could be iden ti fied in this mo tion over the con tin u ous re cord ing of 6.2 s of real time.
With the Reynolds num bers in creas ing from sub-crit i cal 22,000 to crit i cal 350,000, the point of bound ary layer sep a ra tion moves from about 82° to 132°. At the same time the po si tion of tran si tion moves to wards the sphere and the rate of en train ment tends to in crease. Once the tran si tion point co mes close enough to the sphere wall as the Reynolds num ber is in creased, it causes the bound ary layer to be come tur bu lent fur ther down stream; thus, lam i nar sep a ra tion is of ten fol lowed by tur bu lent re-at tach ment af ter a short dis tance, with tur bu lent bound ary layer re main ing at tached be fore it sep a rates again fur ther down stream. Hence, the near-wake re cir cu lat ing re gion shrinks sud denly and the wavy mo tion of the wake van ishes. The van ish ing of pro gres sive wavy mo tion of the wake be hind the sphere is ob vi ous at Reynolds num ber 4·10 5 . The tran si tion to tur bulence in the bound ary layer sub stan tially de creases the wake size, as can be seen in fig.  10 .
The char ac ter is tics of bound ary layer sep a ra tion and lam i nar tur bu lent tran si tion have also been in ves ti gated in a wa ter chan nel at Reynolds num bers from 5,000 to 380,000. The bound ary layer was col ored by dye. Due to the dif fer ence in ki ne mat ics viscos ity, the same Reynolds num ber is achieved at lower ve loc ity than in air, al low ing a better time res o lu tion with the cam era at 500 frames/s. The sep a ra tion, lam i nar-tur bu lent tran si tion and growth of a sep a rated shear layer de pend on many fac tors and were sub ject of many ex per i men tal and the o ret i cal in ves ti ga tions. Fig ure 11 shows these pro cesses for dif fer ent Reynolds num bers sep a rated shear layer de pend on many fac tors and were subject of many ex per i men tal and the o ret i cal in ves ti ga tions. The shear layer formed af ter the sep a ra tion of bound ary layer is sub jected to Kel vin-Helmholtz in sta bil ity, which causes the roll-up of vor tex rings at nearly reg u lar time in ter vals. It ap pears that for all cases with lam i nar sep a ra tion, the first two vor tex rings seen are lam i nar; the third one is al ready turbu lent and fur ther down stream no reg u lar struc ture can be ob served any more. From these pic tures and cor re spond ing film, it is ob vi ous that, with in creas ing Reynolds number, the tur bu lence struc tures in the mix ing layer be come finer and tran si tion of the sep arated shear layer oc curs closer to the sep a ra tion point. For Re = 250,000, the movie shows that at the sep a ra tion point the bound ary layer is not com pletely lam i nar. There are in tervals of time when the bound ary layer is tur bu lent and sep a ra tion oc curs later. At the crit ical Reynolds num ber around Re » 300,000, the tran si tion from lam i nar to tur bu lent bound ary layer oc curs be fore sep a ra tion and the tur bu lent bound ary layer sep a rates much later, at an an gle close to 135°. It ap pears that, af ter be com ing tur bu lent, the rolled-up vor ti ces start in ter act ing with the wall when the Reynolds num ber is high enough so that the tran si tion hap pens close to the sep a ra tion point. This can be ob served from Re = 200,000 on wards; this causes the sep a rated bound ary layer to re-at tach and be come sep arated fur ther down stream.
Fig ure 12 shows that be sides the roll-up of vor ti ces, pair ing of vor ti ces is also pres ent in the free shear layer of a sphere. The roll-up in cludes the fold ing, roll ing and break-up of a con tin u ous vor tex sheet into dis crete vor ti ces, while pair ing means a sequen tial amal gam ation of these vor ti ces into larger vor tex struc tures. If ex per i ment is care fully con trolled and pre pared it, is pos si ble to see that more than two vor ti ces combine to form still larger vor ti ces [20] . The roll-up pro cess of a shear layer oc curs at a lo ca - tion at which the fun da men tal frequency (nat u ral in sta bil ity fre quency) at tains its max i mum am pli tude and is fol lowed by the gen er a tion of a sub-har monic fre quency, as de scribed in [21] . The roll-up and pair ing of vorti ces ob served here is sim i lar to the pro cesses found in mix ing lay ers.
Suc ces sive amal gam ation of pairs of neigh bor ing vor ti ces marked by dye is ev i dent in fig. 12 . Dur ing the pairing, vorticity is con tin u ously be ing redis trib uted into larger and larger eddies, whose wave length and size double at each in ter ac tion. Winant and Browand [22] have shown that merging of vor ti ces was in deed the pri mary pro cess gov ern ing the stream-wise growth of the mix ing layer thick ness. How ever, sub-har mon ics alone can not ex plain the com pli cated na ture of shear layer de vel op ment. Ac cord ing to [23] the lo ca tion at which pair ing oc curs co incides with the lo ca tion at which the am pli tude of the sub-har monic mode fre quency attains a max i mum. The value of the nat u ral in sta bil ity fre quency of the shear layer for differ ent Reynolds num bers is ob tained from the pres ent ex per i ments by count ing roll-up of vor ti ces with time in the high speed dig i tal video. These re sults, to gether with re sults from other re search ers are shown in fig. 13 . This fig ure shows the dis tri bu tion of low-mode and high-mode Strouhal num ber ver sus Reynolds num ber St = fD/U 0 , where f is the fre quency, D di am e ter of sphere, and U 0 the free-stream ve loc ity.
Ex per i men tal in ves ti ga tions of fre quen cies in a sphere wake [2] , ob tained from spec tra of ve loc ity fluc tu a tions de tected by a hot-wire in un ex cited flow, showed the pres ence of sev eral dom i nant fre quen cies: low fre quency, a higher fre quency, and of ten the sub-har monic of the higher fre quency. The higher fre quency (high-mode of Strouhal num ber), was de tect able only in the re gion of the wake im me di ately down stream of the sphere, but low fre quency (low-mode of Strouhal num ber) could be ob served in a much larger re gion. The sub-har monic of the higher fre quency ob tained in this ex per i ment was pro duced by pair ing of vor ti ces, which is ob vi ous from our flow vi su al iza tion.
Kim's and Durbin's [2] data does not show a unique power-law de pend ence of fre quency of the Kel vin-Helmholz shear layer in sta bil ity f KH on Reynolds num ber: for 10 3 < Re < 10 4 fre quency scales ap prox i mately with Re 0.75 while at higher Reynolds numbers the ex po nent is closer to 0.66. Our ex per i ments, for Reynolds num ber Re > 22,000, give a power law: 
